The purpose of the study was to characterize the psychometric functions that describe task performance in dual-task listening effort measures as a function of signal to noise ratio (SNR).
INTRODUCTION
Understanding speech involves both auditory and cognitive factors (e.g., Kiessling et al. 2003; Worrall & Hickson 2003; Pichora-Fuller & Singh 2006; Humes 2007) . Listening effort, which is defined as "the mental exertion required to attend to, and understand, an auditory message" (McGarrigle et al. 2014 ), has been recognized as an important dimension of speech perception and hearing enhancement device outcomes. When the target auditory message is speech, listening effort is often conceptualized as the cognitive resources allocated for speech processing (Hick & Tharpe 2002; Fraser et al. 2010; Gosselin & Gagné 2010; Zekveld et al. 2010 ).
Among different methodologies that can objectively quantify listening effort, the dual-task paradigm is one of the most widely used behavioral measures (Gosselin & Gagné 2010) . In this paradigm, listeners perform a primary speech recognition task concurrently with a secondary task. The former is referred to as the primary task because listeners are instructed to maximize speech recognition performance. The difficulty of the speech recognition task is systematically varied during the test session, and the change in secondary task performance is taken as an index of the shift in allocation of cognitive resources for speech processing, that is, listening effort. This interpretation assumes that (1) performance on each of the tasks requires some common cognitive resource allocation and (2) cognitive resources are limited (Kahneman 1973) . Dual-task paradigms have been used to investigate the effect of age (Gosselin & Gagné 2011; Desjardins & Doherty 2013; Degeest et al. 2015) , hearing loss (Hick & Tharpe 2002) , visual cues (Fraser et al. 2010; Picou et al. 2013; Picou & Ricketts 2014) , hearing aids (Downs 1982; Hornsby 2013) , noise-reduction algorithms (Sarampalis et al. 2009; Desjardins & Doherty 2014) , and directional microphones (Wu et al. 2014 ) on listening effort.
Although dual-task tests are widely used, it is less clear at what speech intelligibility level the test will be most sensitive to changes in listening effort (i.e., changes in secondary task performance). Specifically, researchers have speculated that dual-task measures conducted in conditions wherein the primary speech recognition task is too easy (e.g., quiet) or too difficult (e.g., high-level background noise) may not be sensitive (e.g., Picou et al. 2013 ). Gatehouse and Gordon (1990) measured listening effort using the reaction time (RT) to speech stimuli. They examined the effect of hearing aid amplification on listening effort in four conditions: when the unaided speech intelligibility was between 15 and 85%, close to 50%, close to 85%, and when the benefit of amplification on speech intelligibility was less than 6%. These researchers found that their listening effort measure was more sensitive in the first two conditions. No prior study, however, has systematically examined the relationship between speech intelligibility and secondary task performance in dual-task listening effort measures.
To fill this gap, the objective of the current research was to characterize the psychometric functions that describe task performance in dual-task listening effort measures as a function of signal to noise ratio (SNR). It was hypothesized that speech recognition performance would decrease monotonically as SNR decreases. Based on the ease of language understanding (ELU) model that describes a conceptual framework for speech understanding (Rönnberg 2003; Rönnberg et al. 2008 Rönnberg et al. , 2013 , it was further hypothesized that secondary task performance would decrease monotonically as SNR (and speech intelligibility) decreases and might reach an asymptote level at very poor SNRs. Specifically, the ELU model suggests that speech information is rapidly and automatically bound in an episodic buffer and then compared with long-term memory. If the information in the buffer matches the long-term memory, speech will be recognized and there is no need for top-down processing. If the speech information input cannot immediately match the long-term memory, explicit and deliberate working memory top-down processes will be invoked to compensate for this mismatch. Because at poorer SNRs, speech information will be more degraded and the mismatch will be more likely to happen, more top-down processing will be recruited for speech recognition and less processing will be available to the secondary task, resulting in poorer secondary task performance. This hypothesis is supported by empirical data showing that the cognitive processing load of a task increases monotonically as the task becomes more demanding (Peavler 1974; Cabestrero et al. 2009; Zekveld & Kramer 2014) . For example, Cabestrero et al. measured the cognitive processing load of an auditory digit span recall task using pupillometry. The number of the to-berecalled digits was manipulated to create three load conditions (5, 8, and 11 digits) . The results showed that pupil response systematically increased as more digits were presented. In the most difficult 11-digit condition, the pupil response reached an asymptote level at the ninth digit and remained stable until the last digit was presented. More recently, Zekveld and Kramer used pupil response to measure the cognitive processing load of a speech recognition task from a group of younger adults with normal hearing (YNH). The experiment consisted of one quiet and three noisy conditions (the first experiment of Zekveld & Kramer 2014) . The mean speech intelligibility of the four conditions was 99, 94, 54, and 0%, respectively. The result showed that pupil response increased linearly as SNR and speech intelligibility decreased.
There is evidence, however, suggesting that secondary task performance of dual-task listening effort measures may not decrease monotonically as SNR decreases (Poock 1973; Granholm et al. 1996; Zekveld & Kramer 2014) . Granholm et al. measured pupil response of an auditory digit span recall task in three load conditions (5, 9, and 13 digits) . The 5-and 9-digit conditions were low-and moderate-load conditions, respectively, and the 13-digit condition was considered overload as it exceeded the memory span and was almost impossible to recall completely. The study results showed that pupil response, instead of increasing monotonically as the recall task became more demanding, was smaller in the 13-digit condition than in the 5-and 9-digit conditions. Similar findings were observed by a second Zekveld and Kramer's experiment where a speech recognition test was administered at a wide range of SNRs. The experiment results indicated that as SNR decreased from −4 dB (speech intelligibility: 80%) to −8 dB (intelligibility: 50%), pupil response increased. As SNR further decreased from −8 to −36 dB (intelligibility: 0%), however, pupil response decreased linearly. In other words, the function that described pupil response across SNRs had a peak shape. Zekveld and Kramer suggested that their participants experienced cognitive overload (i.e., task demands exceed an individual's ability) at poorer SNRs, as did the subjects in the overload condition of the study by Granholm et al. It is possible that people in the overload condition tend to give up on the task. Zekveld and Kramer asked subjects to report how often they gave up listening to speech and found that the frequency of giving up increased as speech intelligibility decreased.
The research finding showing that pupil response is smaller in the very demanding and overload conditions than in the moderate-load condition is consistent with a study by Petersen et al. (2015) , who measured working memory load using alpha oscillations of electroencephalogram. In the experiment, older adults with various degrees of hearing loss wore hearing aids and were asked to conduct an auditory recall task. The results showed that in low-and moderate-load conditions, alpha power increased as the degree of hearing loss increased. In the most demanding condition, however, alpha power of subjects with moderate hearing loss was lower than that of subjects with mild hearing loss. Similarly, Sander et al. (2012) found that alpha power in high demanding conditions is reduced in older adults compared with children and younger adults. Therefore, this line of research suggests that (1) the psychometric function of secondary task performance in the dual-task listening effort measure would have a peak shape (i.e., performance being poorer at intermediate SNRs than at favorable and unfavorable SNRs) and (2) the functions of YNH and older adults with hearing impairment (OHI) would have different shapes.
The current research consisted of three experiments. The first two experiments characterized the psychometric functions of the dual-task paradigm for YNH (experiment 1) and OHI (experiment 2) listeners. To determine if the trend of task performance across SNRs found in experiments 1 and 2 was specific to the methodology used in the dual-task measures, experiment 3 was conducted on YNH listeners using a different methodology. For all the three experiments, dual-task paradigms wherein subjects performed a primary sentence recognition task simultaneously with a secondary task were used. Because the dual-task interference is dependent on factors such as task demand and degree to which overlapping resources are required (Hazeltine et al. 2006; Wickens 2008) , two different secondary tasks, one being simpler and one being more complex, were used in the study to examine the effect of secondary task on the shape of psychometric function. Because objective and subjective measures may assess different aspects of listening effort (e.g., Fraser et al. 2010; Zekveld et al. 2010) , the present study also characterized the psychometric function of self-reported listening effort.
EXPERIMENT 1
The purpose of experiment 1 was to characterize the pattern of task performance across SNRs in dual-task listening effort measures for YNH listeners.
Materials and Methods
Participants • In total 26 younger adults were recruited. Most of them were college students. Two participants were unable to complete the study due to time conflict of their second laboratory visit (see below for experiment procedures). For the 24 YNH (12 males and 12 females) participants who completed the study, their ages ranged from 19 to 30 years with a mean of 23.7 years (SD = 3.6). The participants had pure-tone thresholds better than 25 dB HL at 0.5, 1, 2, and 4 kHz (ANSI 2010). All participants are native speakers of English. The sample size was determined based on a pilot study, which indicated that a sample size of 24 were needed to detect the effect of SNR on task performance (assuming α = 0.05 and power = 0.8).
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Dual-Task Paradigm • Two dual-task paradigms that included different secondary tasks were used. In the dual-task measure, the participants performed a speech recognition task simultaneously with either an easy or hard secondary task. Primary Speech Recognition Task • The Hearing in Noise test (HINT; Nilsson et al. 1994 ) was used as the speech material. To ensure that the dual-task measure was conducted across a wide range of speech intelligibility for each participant, individualized SNRs were used. Specifically, before the dual-task measure, an individual SNR-50 at which the participant could understand 50% of speech was determined using an adaptive SNR procedure. During the SNR-50 measure, the participants listened to the HINT sentences and repeated as much as possible. The speech level was fixed at 65 dB SPL. The level of the noise, which was the speech-shaped noise of the HINT, was adjusted adaptively depending on the participant's responses using the one-down, one-up procedure in 2 dB steps. The correct response of each sentence was based on the repetition of the whole sentence, with minor exceptions such as a/the and is/ was. Twenty HINT sentences were used and the SNRs of the last 16 sentences were averaged (Nilsson et al. 1994 ). This averaged SNR minus 2 dB was defined as an individual's SNR-50. According to the pilot study, at this SNR-50, a listener's speech recognition performance would be close to 50% correct if the scoring of the HINT was based on words (which was the scoring method used in the dual-task measures).
For a given participant, 11 SNRs ranging from −10 to +10 dB in 2-dB steps relative to this participant's SNR-50 were created and used in the speech recognition task of the dual-task measure. The speech presentation level was fixed at 65 dB SPL for all 11 SNR conditions. The HINT sentences (different sentences from those used in the SNR-50 measure) and speechshaped noise were used. For each of the 11 SNR conditions, 20 trials (20 HINT sentences) were conducted. In each trial, the noise was presented 1 sec before the onset of the sentence and ended approximately 1 sec after the offset of the sentence. The trials that had the same SNR were administered in one block. The order of SNR block was randomized. The participants were asked to repeat as much of each sentence as possible. The participants' performance (i.e., the HINT score) at a given SNR was quantified by dividing the number of words the participants repeated correctly by the total number of words in the 20 sentences.
Secondary Task • The visual stimuli of the Stroop test (Stroop 1935) were used in the secondary task. During testing, visual stimuli of color words displayed in different font colors were shown in the middle of a computer monitor. Four color words and font colors were used: red, blue, green, and yellow. The combination of color word and font color was randomized, but the color word was always inconsistent with the font color. Below the stimulus word, the computer monitor showed four boxes containing "RED," "BLUE," "GREEN," and "YELLOW," respectively, to represent the four virtual response buttons. The font color of the words in the virtual button box was black.
Using the same visual stimuli, two tasks were created. For the easy task, listeners were asked to press the space bar on the keyboard as quickly as possible after stimulus word presentation, regardless of the word and the font color. In other words, the easy task was a simple visual reaction-time task. When the space bar was pressed, all four virtual buttons on the screen were highlighted to indicate the response.
In the hard task, the Stroop test paradigm was used. In particular, listeners were asked to respond to the font color, instead of the word, by pressing a keyboard button assigned to a given color as quickly as possible (i.e., the incongruent condition of the Stroop test). The keyboard buttons "D," "C," "M," and "K" were assigned to font color red, blue, green, and yellow, respectively. To assist the participants in determining which keyboard button to press during the testing, the relative position of the four virtual buttons on the screen was arranged to spatially map that of the four keyboard buttons. When a given button was pressed, the corresponding virtual button on the screen was highlighted to indicate the response. Because the participants needed to inhibit the semantic meaning of the stimulus word and determine which button to push in the hard task, this task was more demanding and would interfere more with the speech recognition task than the easy task.
For both the easy and hard tasks, one stimulus word was presented with one HINT sentence in each trial. Because the total processing load for sentence understanding reaches a maximum at the end of the sentence (Winn et al. 2015) , the stimulus word was presented at a random time during the second half of each HINT sentence presentation. The RT from stimulus word onset until a keyboard button was pressed quantified the performance of the secondary task. Subjective Effort Rating • The participants were asked to rate their perceived listening effort after listening to 20 HINT sentences in a given SNR block of the dual-task measure. The participants answered the question "how hard were you trying to understand the speech" using a 21-point scale ranging from 0, representing "not at all," to 100, representing "very, very hard." The question and the scale were adapted from the "effort" question of the National Aeronautics and Space Administration Task Load Index questionnaire (Hart & Staveland 1988) . Likely due to the wide SNR range used in the experiment, ceiling effect was observed on some subjects in the pilot study. To minimize the ceiling (and floor) effect, the participants were allowed to use larger numbers than 100 and negative numbers to rate listening effort (Hällgren et al. 2005) . For this reason, two arrowheads were placed at the two ends of the 21-point scale, one on each end, pointing away from the scale. Because the pilot study indicated that listeners did not report the highest effort at the poorest SNR, the participants were not trained to use the scale, that is, they were not provided with samples of the most favorable and unfavorable SNRs to anchor the endpoints of the scale. Procedures • The study was approved by the Institutional Review Board of the University of Iowa. After agreeing to participate in the study and signing the consent form, the participants' pure-tone thresholds were measured, followed by the SNR-50 measure. Afterward, the dual-task tests were conducted. During the testing, the participants were instructed to repeat as much of each sentence as possible and respond to the visual stimulus as quickly (and accurately) as possible. The participants were asked to give priority to the speech recognition task, that is, they should always try to maximize their speech recognition performance. The participants were also asked not to let the repetition of sentences affect their response speed to the visual stimuli of the secondary task, that is, they should not repeat the sentence until they pushed the keyboard button. Before the experiment, a tutorial and practice session was given to familiarize participants with the tasks. For each secondary task, at least 60 trials were given in the practice. The dual-task experiment was conducted in 22 conditions (2 secondary tasks × 11 SNRs). Due to the limited length of the HINT, the HINT sentences were used twice in the experiment. Therefore, the experiment was completed in two laboratory visits: one for the easy task and one for the hard task. The interval between the two visits was at least 1 month to minimize the learning effect. The order of easy/ hard task was randomized across the participants. Momentary compensation was provided to the participants at the completion of the study.
The experiment was conducted in a sound-treated booth. All auditory stimuli (HINT sentences and noise) were presented via earphones. The auditory stimuli were generated by a computer and an M-Audio (Cumberland, RI) ProFire 610 sound interface, routed to a Grason-Stadler (Eden Prairie, MN) GSI-61 audiometer, an Alesis (Cumberland, RI) DEQ830 digital equalizer, a Samson (Hauppauge, NY) Servo 120 amplifier, and then presented through a pair of Sennheiser (Wedemark, Germany) IE8 insert earphones. The output of the earphones was calibrated in a G.R.A.S. (Holte, Denmark) IEC 711 RA0045 Ear Simulator. The visual stimuli were presented using a 19 in computer monitor, which was placed in front of the participants. The psychological testing software E-prime 2.0 (Psychology Software Tools, Inc., Sharpsburg, PA) was used to present auditory and visual stimuli, collect participants' responses, and measure the RT. Data Analysis • Data were first processed before analysis. For the HINT score (in percent), a logit transformation was conducted to linearize the relationship and homogenize the variance (logit-transformed score = log ((HINT score + 1)/(101 − HINT score))). For the easy secondary task, because the distribution of the RT across 20 trials at a given SNR was skewed, the median of the 20 RTs served as the RT of that SNR condition and was used in analysis. For the hard task (the Stroop test), the response accuracy was first examined. The overall accuracy across all conditions and participants was 95.3% (SD = 5%). The Friedman repeated measures analysis of variance on ranks indicated that SNR did not have an effect on response accuracy (p = 0.78), suggesting that Stroop accuracy did not vary with speech intelligibility. The difference in Stroop accuracy between the participants' first and last conditions was also found to be nonsignificant (p = 0.13), indicating that the learning effect of the Stroop test was minimal. Because the Stroop accuracy was high and was stable across SNRs and time, the median RT across all 20 trials at a given SNR, regardless of accuracy, served as the RT of that SNR and was used in analysis. The distribution of the median RT across all participants, 11 SNRs, and 2 secondary tasks was then examined. Because the distribution was right skewed, the RT was log transformed before analysis (logtransformed RT = log (RT)). For the subjective effort rating, the distribution was first examined. Among all ratings, 12 ratings (2.2%) had values larger than 100 and the highest rating was 200. No rating was smaller than 0. Because some participants used larger numbers than 100 to rate listening effort, the subjective effort rating was linearly transformed so that the scale of the rating was the same across all participants. In particular, for a given participant, the subjective effort rating was linearly rescaled such that the maximum and minimum ratings across all 22 conditions (11 SNRs × 2 secondary tasks) were 100 and 0, respectively. Because the distribution of the rescaled subjective listening effort rating across all participants and test conditions was normal, no further transformation was conducted.
To characterize the psychometric function (i.e., the trend of performance across SNRs) of dual-task listening effort measures, a linear mixed model was used to analyze the repeated measure data. In particular, the model fits polynomial (linear, quadratic, and cubic) terms of SNR to the HINT score (logit transformed), RT (log transformed), or subjective effort rating data (rescaled) for each participant. The SNR quadratic and cubic terms were rescaled using quadratic term = (SNR/5) 2 and cubic term = (SNR/5) 3 to aid in convergence. In polynomial models, the linear term reflects an overall slope of the function; the quadratic term reflects the shape of the primary inflection point of the curve (positive and negative coefficients reflect concave-upward and concave-downward curves, respectively), and the cubic term reflects the steepness of the secondary inflection point. Fixed effects considered in the model were a secondary task term (easy/hard), three SNR polynomial terms (linear, quadratic, and cubic), and all two-way interactions. A random intercept, random SNR linear, and quadratic and cubic terms were also included in the model. The random-effect term was then removed one by one to identify the model that had minimum Akaike information criterion (AIC). For the HINT score and RT, the model that included the random effect of intercept and SNR linear term had minimum AIC and was selected; for subjective effort rating, the model that included the random effect of intercept and SNR linear and quadratic terms had minimum AIC and was selected. The effects of other variables were estimated as fixed effects only. After the model was settled with respect to the random effect, the fixed effect terms were examined. When an interaction term was not significant, it was excluded from the final model. The SNR cubic term was not included in the final model if it was not significant. The analysis was conducted using the Statistical Analysis Software (SAS Institute, Cary, NC).
Results
Speech Recognition Performance • Figure 1A shows the mean HINT scores across all participants for each secondary task as a function of SNR. The two sigmoidal curves are almost overlapped. The analysis first indicated that none of the interactions was significant. The results further showed that secondary task did not have a significant effect on HINT score (β = 0.05, F 1,23 = 0.80, p = 0.38). In contrast, SNR linear (β = 0.65, F 1,500 = 2599.1, p < 0.0001), quadratic (β = −0.05, F 1,500 = 6.57, p = 0.010), and cubic terms (β = −0.26, F 1,500 = 179.3, p < 0.0001) were all significant. These results indicated that HINT score increased as SNR increased and that this trend was similar for both the easy and hard dual-task tests. Secondary Task Performance • Figure 1B shows the RT (the median RT of a given SNR) averaged across all participants for each secondary task at each SNR. Longer RT represents poorer performance. For both the tasks, the RT curves had a peak shape. The RT increased as SNR changed from favorable (i.e., +8 and +10 dB) to intermediate SNRs (0 and −2 dB), and then decreased as SNRs moved from intermediate to unfavorable SNRs (−8 and −10 dB). To better compare the shape of the curves, in Figure 1C , the y axis of the two RT curves shown in Figure 1B was rescaled so that the two curves have similar peak heights in the figure. Figure 1C shows that the two curves are very similar in shape and the curves are fairly symmetrical around the peaks.
The analysis revealed that the interactions and the SNR cubic term were not significant. The effect of secondary task was significant (β = −0.93, F 1,23 = 2585.0, p < 0.0001). The SNR linear term was significant (β = −0.005, F 1,501 = 6.14, p = 0.014). The negative coefficient indicated that the right side of the curve is generally lower than the left side (Fig. 1C) . The SNR quadratic term was also significant (β = −0.05, F 1,501 = 51.7, p < 0.0001). The negative coefficient confirmed the peak shape of the curves. Subjective Effort Rating • After listening to 20 HINT sentences at a given SNR block, the participants rated their listening effort. Higher ratings represented more listening effort. Figure 1D shows the rescaled subjective effort rating averaged across all participants as a function of SNR. Essentially, these curves also display a peak shape. Compared with the RT curves shown in Figure 1C , the subjective effort rating curves are less symmetric around the peaks.
Mixed effects analysis first revealed that the interactions and the SNR cubic terms were not significant. The effect of secondary task was significant (β = 4.43, F 1,23 = 5.65, p = 0.026), indicating that the participants reported that they tried harder to understand speech in the easy dual-task measure than in the hard dual-task measure. The results further indicated that, while the SNR linear term was not significant (β = −0.78, F 1,501 = 2.49, p = 0.12), the quadratic term was (β = −6.24, F 1,501 = 25.5, p < 0.0001).
Discussion
The results of experiment 1 showed that the RT of the secondary task in the dual-task measure had a nonlinear trend over SNRs; that is, as SNR decreased, the RT first increased and then decreased ( Fig. 1B, C) . More specifically, at favorable SNRs (speech intelligibility close to 100%), the RT was short, suggesting that speech recognition was easy and did not require much top-down processing. As SNR decreased, the RT increased, indicating that the participants used more top-down working memory processing to process the degraded speech signals. This was consistent with the ELU model (Rönnberg et al. 2008 ). The RT reached its peak at −2 dB or 0 dB relative to SNR-50 (speech intelligibility = 30 to 50%). As the SNR kept decreasing, however, speech recognition performance became poorer while the RT became shorter. The shorter RT suggested that cognitive processing was shifted from the speech recognition task to the secondary task. The peak shape of RT curve was consistent with that of Granholm et al. (1996) and with that of the second experiment of Zekveld and Kramer (2014) , suggesting that the participants might experience cognitive overload at the unfavorable SNRs.
A B C D Fig. 1 . Speech recognition score (A), RT of the secondary task (B and C), and subjective listening effort rating (D) averaged across participants as a function of SNR of experiment 1. In C, the y axes of the RT curves are rescaled so that the curves of the easy task (refer to the left y axis) and the hard task (refer to the right y axis) have similar peak heights in the figure. Error bars = 1 SE. RT, reaction time; SNR, signal to noise ratio. Recall that the hard secondary task (Stroop test) required the participants to inhibit the semantic meaning of the stimulus word and determine which button to push, while the easy task was a simple visual reaction-time task. Therefore, it is not surprising that the RT of the hard task (0.85 sec, averaged across SNRs) was longer than that of the easy task (0.35 sec). Despite the large difference between the two secondary tasks, the RT curves of the easy and hard tasks had similar shapes, as indicated by the nonsignificant interaction between secondary task and SNR polynomial terms. The implication of this finding will be further discussed in the "General Discussion and Conclusions" section at the end of this article.
Similar to the RT curve, the curve of subjective effort rating had a nonlinear trend (Fig. 1D ). This result is not in line with the first experiment of Zekveld and Kramer (2014) , which found that both pupil response and subjective listening effort rating increased linearly as SNR and speech intelligibility decreased.
Of note, the participants reported higher listening effort in the easy than the hard dual-task measures. One speculation on this finding is that the self-reported rating reflected effort allocation between the primary and secondary tasks. Specifically, because the visual reaction-time task was less demanding than the Stroop test, the participants were able to exert more effort to the speech recognition task in the easy than the hard dual-task measure. As a result, when the participants were asked to answer the question "how hard were you trying to understand the speech," they reported that they tried harder in the easy dual-task measure.
EXPERIMENT 2
The purpose of experiment 2 was to replicate experiment 1 using OHI.
Materials and Methods
In total, 24 OHI (10 males and 14 females) participants were recruited and completed the study. Their ages ranged from 56 to 83 years with a mean of 69.9 years (SD = 5.8). The participants were eligible for inclusion in this study if their hearing loss met the following criteria: (1) postlingual bilateral downward-sloping sensorineural hearing loss (air-bone gap < 10 dB); (2) hearing thresholds no better than 20 dB HL at 500 Hz and no worse than 85 dB HL at 3 kHz (ANSI 2010); and (3) hearing symmetry within 15 dB for all test frequencies. The mean pure-tone thresholds are shown in Figure 2 . All participants were native speakers of English.
The stimuli, test conditions, equipment, and procedures were identical to those used in experiment 1. Experiment 2 differed from experiment 1 in that the auditory stimuli (HINT sentences and noise) were spectrally shaped and linearly amplified before being routed to the earphones. The purpose of amplifying the stimuli was to ensure that speech intelligibility could approach 100% at favorable SNRs for all participants. The individual frequency shaping and amplification were based on each participants' audiometric thresholds and the NAL-NL2 formula (Keidser et al. 2011) . Specifically, from an Audioscan Verifit hearing aid analyzer, the NAL-NL2 targets of real ear aided responses (REAR) to a 65-dB SPL speech input (the "carrot passage") from 0.25 to 6 kHz for each participant were obtained. The REAR targets were used to configure the filter and gain settings of the DEQ830 multichannel equalizer, one channel for each ear, to shape the one-third octave band spectra of the input signals such that, for the 65-dB "carrot passage" input, the outputs of the earphones met an individual's NAL-NL2 REAR targets within ±3 dB across 0.25 to 6 kHz. Using the amplified auditory stimuli, the participant's SNR-50 was measured and the 11 SNRs (−10 to +10 dB relative to SNR-50, 2-dB steps) were created. Before the testing, the participants were asked about their loudness perception of the stimuli. All participants reported that the sound level was appropriate.
Identical to experiment 1, the response accuracy of the hard secondary task (the Stroop test) was examined before data analysis. The overall accuracy across all conditions and participants was high (97.9%). The accuracy did not vary with SNR (p = 0.68) and was not different between the participants' first and last condition (p = 0.76). Therefore, for both the easy and hard tasks, the median RT across all 20 trials at a given SNR served as the RT of that SNR condition. For the subjective effort rating, the distribution was first examined. Among all ratings, 34 ratings (6.4%) had values larger than 100 and no rating was smaller than 0. The highest rating was 200. Identical to experiment 1, the subjective effort rating was linearly transformed so that the scale of the rating was the same across all participants. Mixed effects analysis was then used to determine the effect of secondary task and SNR polynomial terms on HINT score (logit transformed), RT (log transformed), or subjective effort rating (rescaled). The fixed and random effects that were included in the models were identical to those in experiment 1. Figure 3 shows HINT score, RT, rescaled RT, and rescaled subjective effort rating as a function of SNR. For the HINT score (Fig. 3A) , analysis indicated that none of the interactions was significant. The effect of secondary task was not significant either (β = 0.026, F 1,23 = 0.21, p = 0.65). In contrast, the SNR linear (β = 0.60, F 1,500 = 1889.9, p < 0.0001), quadratic (β = −0.13, F 1,500 = 39.5, p < 0.0001), and cubic terms (β = −0.22, F 1,500 = 133.3, p < 0.0001) were all significant. Secondary Task Performance • Similar to the YNH participants in experiment 1, the RT curves of the OHI participants were peak shaped ( Fig. 3B, C) . The peaks were located at −2 dB relative to SNR-50 for both the easy and hard tasks. Analysis results first revealed that none of the interactions was significant nor was the SNR cubic term. The results further indicated that the easy task's RT was significantly shorter than that of the hard task (β = −0.92, F 1,23 = 1555.1, p < 0.0001). While the SNR linear term was not significant (β = 0.002, F 1,501 = 2.07, p = 0.15), the quadratic term was (β = −0.073, F 1,501 = 78.7, p < 0.0001). Subjective Effort Rating • Although the OHI participants' subjective effort rating curve had a peak shape in the hard dualtask measure, the curve in the easy dual-task measure was more like a reversed sigmoidal shape (Fig. 3D) . Mixed effects analysis showed that subjective listening effort rating was higher in the easy than the hard dual-task measure (β = 7.55, F 1,23 = 17.9, p = 0.0003). The SNR linear (β = −4.54, F 1,498 = 45.5, p < 0.0001), quadratic (β = −7.04, F 1,498 = 37.6, p < 0.0001), cubic terms (β = 4.18, F 1,498 = 10.8, p = 0.001) were also significant. The results further indicated that the interaction between secondary task and SNR linear term (β = 2.25, F 1,498 = 9.5, p = 0.002) and the interaction between secondary task and SNR cubic term (β = −4.48, F 1,498 = 14.5, p = 0.0002) were significant.
Results
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Discussion
Generally, the results of the OHI participants in this experiment were consistent with the findings of the YNH subjects in experiment 1. For both the easy and hard secondary tasks, the RT curve had a nonlinear trend such that the RT initially increased as speech recognition became more difficult and decreased when the HINT score was lower than 30%. For the subjective effort rating, the participants reported more listening effort in the easy than the hard dual-task measure. However, inconsistent with experiment 1, the significant interaction between secondary task and SNR polynomial terms indicated that the trend of subjective effort rating across SNRs was different between the easy and the hard dual-task measure. This difference mainly resulted from the large discrepancy in effort rating at the unfavorable SNRs (Fig. 3D) . It is unclear why the OHI participants reported high effort at the unfavorable SNRs in the easy dual-task measure but not in the hard dual-task measure, and why this pattern was not observed in the YNH participants of experiment 1.
EXPERIMENT 3
In both the experiments 1 and 2, 20 dual-task trials that had the same SNR were administered in one block. Because the SNR was fixed across 20 trials, the participants could obtain a general idea about the test difficulty and their speech recognition performance level after the first few trials. As a result, at unfavorable SNRs, the participants might easily decide to give up on the listening task in the rest of trials, resulting in shorter RTs. If the SNR was varied from trial to trial, the RT curve might have a different shape. Zekveld and Kramer (2014) have speculated that SNR presentation order (blocked versus nonblocked) may explain why their two experiments generated inconsistent results regarding the trend of pupil response across SNRs. To investigate if the peak shape of the RT curve was specific to the blocked SNR design used in experiments 1 and 2, experiment 3 characterized the RT curve in dual-task paradigms, wherein the SNR was varied from trial to trial, for YNH listeners.
Materials and Methods
In total, 25 YNH (12 males and 13 females) participants were recruited and completed the study. Most of the participants were college students and their ages ranged from 19 to 30 years with a mean of 21.2 years (SD = 2.7). The participants had pure-tone thresholds better than 25 dB HL at 0.5, 1, 2, and 4 kHz (ANSI 2010). All participants were native speakers of English.
The stimuli, dual-task paradigms, test SNRs, equipment, procedures, and data transformation and analysis were identical to those used in experiment 1. Experiment 3 differed from experiment 1 in that, for a given secondary task, the presentation SNR was randomized across the 220 HINT trials (20 sentences × 11 SNRs). Because SNR presentation order was randomized, the participants were not asked to report their perceived listening effort. Figure 4 shows the results. For the HINT score (Fig. 4A ), analysis indicated that secondary task did not have a significant effect of HINT score (β = 0.014, F 1,24 = 0.09, p = 0.77) nor did the SNR quadratic term (β = −0.016, F 1,521 = 0.89, p = 0.35). The effect of SNR linear term (β = 0.64, F 1,521 = 3738.3, p < 0.0001) and cubic term (β = −0.25, F 1,521 = 243.3, p < 0.0001) was significant.
Results
The RT curves of both the easy and hard tasks were peak shaped (Fig. 4B, C) . The curve peaks of the easy and hard tasks were at −2 and 0 dB relative to SNR-50, respectively. Mixed effects analysis revealed that none of the interactions was significant nor was the SNR cubic term. In contrast, the secondary task term (β = −1.04, F 1,24 = 5018.8, p < 0.0001), SNR linear (β = −0.003, F 1,522 = 3.91, p = 0.04), and quadratic terms A B C D Fig. 3 . Speech recognition score (A), RT of the secondary task (B and C), and subjective listening effort rating (D) averaged across participants as a function of SNR of experiment 2. In C, the y axes of the RT curves are rescaled so that the curves of the easy task (refer to the left y axis) and the hard task (refer to the right y axis) have similar peak heights in the figure. Error bars = 1 SE. RT, reaction time; SNR, signal to noise ratio.
(β = −0.032, F 1,522 = 37.6, p < 0.0001) were all significant. Similar to experiment 1, the linear trend was negative (i.e., the right side of the curve was lower than the left side). Individual Difference • Averaged across the participants, the RT curve had a peak shape and the peak was located at −2 to 0 dB relative to SNR-50 ( Fig. 4C) . At the individual level, however, the shape of the RT curve varied considerably. To illustrate this point, Figure 5 shows the hard task RT curve of four participants in experiment 3. In this figure, the top three curves have a peak shape, but the width and location of the peak varies. The curve shown at the bottom of the figure has a reversed sigmoidal shape instead of a peak shape. Although Figure 5 shows the results only from experiment 3, large individual difference has been observed across all three experiments of the present study. Comparison Across Three Experiments • To examine if SNR presentation order (blocked versus nonblocked) had an effect on the trend of RT, analysis on the data collected from experiments 1 and 3 was conducted. Because it is also of interest to compare the RT curve of YNH and OHI participants, the data of experiment 2 were included in the analysis. Mixed effects analysis was performed to investigate the effect of secondary task (easy/hard), SNR polynomial terms, and experiment (betweensubject variable, experiments 1/2/3) on RT (log transformed). The model included the random effect of intercept and SNR linear term. The effects of other variables were estimated as fixed effects only. Figure 6 summarizes the RT curves of each experiment and each secondary task.
The results revealed that the main effects of secondary task (F 1,72 = 3144.8, p < 0.0001), experiment (F 2,70 = 19.0, p < 0.0001), and SNR quadratic term (β = −0.023, F 1,1525 = 166.3, p < 0.0001) were all significant, while the SNR linear term (β = −0.003, F 1,1525 = 3.35, p = 0.067) was not. The interaction between experiment and SNR linear term (F 2,1525 = 5.25, p = 0.005) and the interaction between experiment and SNR quadratic term (F 2,1525 = 9.56, p < 0.0001) were also significant. The posthoc comparison showed that the SNR linear and quadratic terms of experiment 1 did not significantly differ from those of experiment 3 (p = 0.45 and p = 0.12, respectively). In contrast, the SNR A B C Fig. 4 . Speech recognition score (A) and RT of the secondary task (B and C) averaged across participants as a function of SNR of experiment 3. In C, the y axes of the RT curves are rescaled so that the curves of the easy task (refer to the left y axis) and the hard task (refer to the right y axis) have similar peak heights in the figure. Error bars = 1 SE. RT, reaction time; SNR, signal to noise ratio. Fig. 5 . RT of the hard secondary task as a function of SNR for four participants (S5, S4, S8, and S3) in experiment 3. The curves are rescaled to have similar peak heights in the figure. RT, reaction time; SNR, signal to noise ratio. Fig. 6 . RT of the secondary task averaged across participants as a function of SNR of experiments 1, 2, and 3. Easy/hard, the type of the secondary task; Exp, experiment; blocked/nonblocked, SNR presentation order; OHI, older adults with hearing impairment; RT, reaction time; SNR, signal to noise ratio; YNH, younger adults with normal hearing.
linear and quadratic terms were significantly different between experiments 1 and 2 (p = 0.002 and p = 0.006, respectively) and between experiments 2 and 3 (p = 0.017 and p < 0.0001, respectively).
Discussion
The RT linear and quadratic terms did not differ between experiments 1 and 3, suggesting that RT curve shape was not affected by SNR presentation order (blocked versus nonblocked). Note that this result does not necessarily exclude the possibility that the participants actively quit listening at the unfavorable SNRs: the participants might quickly decide to give up on the listening task right after the onset of noise, which was presented 1 sec before the speech.
In contrast, the RT curves of YNH listeners (experiments 1 and 3) and OHI listeners (experiment 2) had different shapes. The difference in the SNR quadratic term was because the RT curve of the YNH participants was flatter than that of the OHI participants (Fig. 6 ). This may reflect that OHI listeners exert more effort on speech understanding than YNH listeners (Desjardins & Doherty 2013; Degeest et al. 2015) . The difference in the linear trend was because the RT curve showed a negative trend in experiments 1 and 3 (YNH) but not in experiment 2 (OHI). This difference indicated that YNH participants' RTs at unfavorable SNRs were longer than that at favorable SNRs, while OHI listeners' RTs were similar for both the unfavorable and favorable SNRs. The relatively short RT of OHI listeners at unfavorable SNRs may suggest that these listeners experienced more cognitive overload than YNH participants. This speculation was consistent with the study by Petersen et al. (2015) , which found that alpha power breakdown is more likely to occur for listeners with more severe hearing loss in the most difficult condition.
GENERAL DISCUSSION AND CONCLUSIONS
The three experiments of the present study examined the task performance of dual-task listening effort measures across a wide range of SNR and speech intelligibility. The results suggested that RT had a nonlinear trend across SNRs: RT was the longest at −2 or 0 dB relative to SNR-50 and was shorter when speech intelligibility was better than 50% or poorer than 30%. This pattern was observed for both YNH and OHI participants and was not affected by either the type of secondary task (easy or hard) or SNR presentation order (blocked or nonblocked). The result showing that RT reached its peak when speech intelligibility was between 30 and 50% was in line with the second experiment of Zekveld and Kramer (2014) , which found that pupil size was the largest when speech intelligibility was approximately 50%.
Why was the RT shorter at the unfavorable SNRs than the intermediate SNRs? As mentioned, this can be explained by the tendency of actively giving up listening in cognitive overload situations. Because the present study used dual-task paradigms, the peak shape of the RT curve can also be explained by the adaptive gain theory (Aston-Jones & Cohen 2005) . In particular, this theory tries to explain the neurophysiological mechanism of the trade-off between an animal's exploitative behavior (optimizing the performance of the current task) and exploratory behavior (searching for alternative sources of reward). The adaptive gain theory assumes that the trade-off between these two behaviors is driven by online assessments of task-relevant utility, that is, the costs and benefits associated with the task. It is likely that, in the dual-task measures of the present study, the utility of the primary speech recognition task was high at the favorable and intermediate SNRs and the participants expended effort on this task to optimize the performance. As the utility in the speech recognition task waned at very unfavorable SNRs, the participants disengaged themselves from the listening task and exerted more effort on the secondary task to pursue reward.
If the participants disengaged themselves from the listening task, can they "work harder" to improve their speech recognition performance? According to the ELU model, explicit and deliberate working memory top-down processes are invoked when the speech information input is degraded. Therefore, the longer RTs at intermediate SNRs suggest that the participants dedicated more working memory processes at these SNRs than at other SNRs. That is, even when their speech recognition performance was lower than 100% and there was room for improvement, at SNRs other than the intermediate SNRs (including more favorable and unfavorable SNRs), the participants did not allocate all available working memory resources to speech processing. It is unclear whether it is possible for listeners to deliberately dedicate more working memory processes to the task, and if in doing so can improve their speech understanding. Clarifying these issues may advance our understanding about the cognitive mechanism of speech listening in adverse conditions.
Recall that the motivation of the present study was to determine the optimal speech intelligibility level for dual-task listening effort measures. The study results indicate that, due to the RT nonlinear trend across SNRs, the dual-task paradigm should be used cautiously as a measure of listening effort. For example, if a hearing aid technology can improve SNR (e.g., directional microphones), dual-task measures could demonstrate that this technology improves, decreases, or has no effect on secondary task performance, depending on the test SNR and speech intelligibility level. If the change in secondary task performance is taken as an index of the change in listening effort, the result of dual-task measures could show that this hearing aid technology improves speech intelligibility while increasing listening effort. To avoid this paradoxical result, it is suggested that a dual-task listening effort measure is conducted at speech intelligibility level higher than 50%. If speech signal is highly degraded and the intelligibility is lower than 30%, individuals may experience cognitive overload and/or disengage the listening task. As a result, data interpretation will be more complex.
Although the peak shape of the RT curve was consistently observed across the easy and hard secondary tasks used in the present study, this result may not generalize to all dual-task listening effort measures. For example, Pals et al. (2013) used dual-task paradigms to measure the effect of spectral resolution (vocoder simulation) on listening effort for YNH listeners. Two different secondary tasks were used: a rhyme-judgment task and a mental rotation task. The results showed that, as the number of spectral channels decreased from 24 to 2 channels, speech intelligibility decreased from 100% to approximately 15% and RT of both secondary tasks increased monotonically. The RT was the longest in the lowest intelligibility (two channels) condition. It is unclear why in Pals et al. the RT trend across channel number did not show a peak shape as in the current study. Possible explanations, which include the difference in speech signal degradation (vocoded speech versus speech in noise) and secondary task, should be explored in future study.
It was observed that the shape of individual RT curve varied considerably across participants (Fig. 5 ). This variation can be regarded as a limitation of the study because the study result (i.e., the peak-shaped psychometric function) does not hold for all individuals. This individual difference, however, may reflect how people cope with adverse listening conditions. In particular, individuals who have peak-shaped RT curves may be more likely to experience cognitive overload and/or give up listening than those who have reversed sigmoidal RT curves. Therefore, the former listeners may tend to use maladaptive strategies (e.g., pretending to understand the conversation) to avoid unpleasant situations, while the latter listeners may be more likely to use adaptive strategies (e.g., asking the talker to repeat) to improve communication (Demorest & Erdman 1987) . More research is needed to investigate these speculations.
